ABSTRACT: We demonstrate a novel approach to quantify the interparticle distance in colloidal dimers using Mie scattering. The interparticle distance is varied in a controlled way by changing the ionic strength of the solution and the magnetic attraction between the particles. The measured scaling behavior is interpreted using an energy−distance model that includes the repulsive electrostatic and attractive magnetic interactions. The center-to-center distances of particles with a 525 nm radius can be determined with a root-mean-square accuracy of 12 nm. The data show that the center-to-center distance is larger by 83 nm compared to perfect spheres. The underlying distance offset can be attributed to repulsion by charged protrusions caused by particle surface roughness. The measurement method accurately quantifies interparticle distances that can be used to study cluster formation and colloid aggregation in complex systems, e.g., in biosensing applications.
■ INTRODUCTION
The stability of nanoparticle dispersions lies at the basis of colloid science 1 and is of prime importance for its applications. 2, 3 The stability behavior results from the sum of interparticle forces with different signs and length ranges, e.g., the Hamaker force, 4 electrostatic forces, 4 entropic forces such as the hydrophobic effect, 5 and the depletion force. 6 Calculations of these forces typically assume particles with chemically and physically homogeneous surfaces. In reality, the interparticle forces depend on the surface roughness and on the chemical heterogeneity of the particle surface. Particle clustering and particle−substrate interactions are sensitive to these heterogeneities, but experimental techniques to address this are scarce.
Methods have been developed to study interparticle forces as a function of interparticle distance, where distances are typically in the nanometer range, energies in the range of k B T, and forces in the pN range. A commonly applied 7 tool has been colloidal probe microscopy, 8 where a particle is attached to an atomic force microscope (AFM) tip and consequently brought near to the surface of another particle that is immobilized on a substrate. The method allows accurate quantification of the force and interparticle distance and has been used to test interaction models and fit the interaction force constants. 9 However, a limitation of colloidal probe microscopy is that the precise position of the interaction planes of the outer surfaces of the particles cannot be measured with respect to the centers of the particles. Consequently, a potential distance offset of the interparticle interaction, for example, caused by particle surface roughness or by molecules adsorbed onto the particles, cannot be revealed. Another approach to determine the interparticle distance is to use a long chain of particles and use Bragg diffraction 10 or video microscopy to measure the total length of the chain. 11 These methods determine the average interparticle distance in a chain, which has contributions from particle polydispersity as well as roughness.
In a previous theoretical paper, we have predicted that it should be possible to accurately measure center-to-center distances in particle dimers based on angle-dependent measurements of optical scattering. 12 Here we demonstrate experimentally that dimers of magnetic particles can be formed and aligned in solution using magnetic fields and that the center-to-center distance of the particles can be quantified with nanoscale precision from the optical scattering signals. By comparing Mie scattering calculations with measured signals, we are able to quantify the interparticle distance in the range between 10 and 150 nm. The data clearly indicate that the dimers have a repulsive distance offset of 83 nm, which can be understood from the surface roughness of the particles. We will present the experimental method, the optical scattering simulations, the model for interparticle forces, and the observed scaling relationships. Finally, we will discuss how the method can be applied to study effects of surface roughness and molecular adsorption on interparticle interactions, in solutions with complex molecular composition, and in bioanalytical assays.
■ MATERIALS AND METHODS
Light scattering of rotating particle dimers (Figure 1a ) has been measured using the setup sketched in Figure 1b . 12 Briefly, the setup consists of a square cuvette (internal size 1 mm) containing the sample solution, which is surrounded by an electromagnetic quadrupole. A laser (660 nm) is focused into the cuvette with a 150 mm lens. The depth of focus of the laser beam is 2.5 ± 0.5 mm, i.e., bigger than the size of the cuvette, so that the beam diameter is roughly constant inside the cuvette. Light is collected onto three photodiodes (PDs): one at a scattering angle of 30°, one at a scattering angle of 90°, and one in transmission. The scattering intensity is a lot smaller at 90°than at smaller scattering angles, so in order to eliminate these smaller scattering angles from contributing to the measurements, a slit is attached to the cuvette to block the refracted light from the rounded edges.
Interparticle distances have been measured for clusters (mainly dimers) of carboxylic MyOne particles (ThermoFisher). The particles are pipetted from the stock solution and magnetically washed three times in a 30 μM solution of sodium chloride, at a particle concentration of 1 mg mL −1
. As the stock solutions always contain a fraction of clustered particles, the colloid is then treated with an ultrasonic finger in order to break up these clusters. Finally, just before the experiments the particles are diluted an additional 10 times (to 0.1 mg mL
), using a solution of sodium chloride with a concentration in the range from 30 μM to 111 mM (to obtain 100 mM), and the solution is mixed and inserted into the cuvette using a syringe.
The zeta potential of the particles has been measured at various salt concentrations using a Malvern Instruments Zetasizer Nano ZS. At the lowest used salt concentration (30 μM) a value of ψ = −57 ± 3 mV was obtained, while at the highest salt concentration (100 mM) a value of ψ = −37 ± 2 mV was measured. Therefore, the particles are negatively charged in all experiments.
A magnetic field is applied to form and align dimers in the experiments: a rotating magnetic field (rotating at 5 Hz) is applied during 10 s, after which the field is turned off, also for 10 s. The rotation frequency of 5 Hz generates stably rotating dimers over the range of used magnetic fields (3−12 mT). The scattering signals are measured over 25 repeated field sequences (10 s field on, 10 s field off). The signals are averaged over these 25 consecutive sequences to get rid of most of the variations (mainly due to Brownian motion of the particles).
■ RESULTS AND DISCUSSION
The particles used in this paper have a radius of 525 nm, comparable to the wavelength of the light. As such they exhibit Mie scattering which results in a spatial scattering pattern with minimums and maxima at different scattering angles. For dimers, the scattered light from both individual particles is coupled and results in a spatial distribution of the scattered light that depends on their mutual distance and the dimer orientation with respect to the laser beam. The distance dependence is especially apparent for near-perpendicular scattering angles, 12 which is why a photodiode at 90°is used. In order to control the interparticle distance in the dimers, the electrostatic repulsion and magnetic attraction have been varied. The electrostatic repulsion was varied by altering the Debye screening length via the ionic strength of the solution, 
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Article and the magnetic attraction was varied by altering the magnetization of the MyOne particles via the magnitude of the applied magnetic field. Figure 1c shows the intensity of the scattered light as a function of time for two experiments: one at a low salt concentration (30 μM, in red) and one at a high salt concentration (10 mM, in black). The magnetic field strength is 10 mT in both experiments. The signals in Figure 1c show clear oscillations, and these depend on the salt concentration. The dependence is visible in the relative magnitude of the peaks, the number of peaks, and shifts of the peak positions along the time axis. In the 30 μM experiment, the central peak (around 9.63 s) has the largest magnitude, while in the 10 mM case the adjacent peaks are the highest, as marked by the arrows. Regarding the number of peaks, at 30 μM an additional peak is present at around 9.59 s (marked with an arrow), in contrast to the minimum at the same location at 10 mM. Finally, also the peak positions are shifted, as can be seen from the dashed lines connecting some of the peaks of the 30 μM experiment to the horizontal axis. The corresponding peaks occur further apart in the experiment at 10 mM.
The measured signals can be further studied by analyzing their frequency spectrum with a Fourier transform, as shown in Figure 1d . The frequency spectrum contains peaks at multiples of the rotation frequency. The amplitude of the peaks in the frequency spectrum is proportional to the number of dimers but also depends on the interparticle distance. By evaluating the ratio of two Fourier components, the concentration dependence is divided out, making it a metric that should depend only on the distance. Figure 1d indicates that the amplitudes of the 8f and 10f Fourier components change significantly, with the 8f being larger than the 10f component for the 10 mM salt concentration and the reverse being the case for the 30 μM salt concentration. Hence, the ratio of the 8f and 10f Fourier components changes with salt concentration and might be a good metric for determining the interparticle distance.
In Figure 2a , the ratio of the 8f and 10f components is plotted against the salt concentration, at a constant magnetic field of 10 mT. This ratio increases by more than an order of magnitude from 0.2 to 4 as the salt concentration is increased from 30 μM to 10 mM. At an even higher salt concentration of 100 mM the ratio decreases to around 2. At two salt concentrations (100 μM and 1 mM) more than five measurements have been performed using different cuvettes. The observed cuvette-to-cuvette variability of the 8f/10f ratio is bigger than the error bars. Most likely, this is caused by small changes in the exact positioning of the cuvette and the slit blocking its edges.
In Figure 2b , the ratio of the 8f and 10f components is plotted against the magnetic field strength, at a constant salt concentration of 500 μM, showing a clear increase of the 8f/10f ratio with field strength. The error bars in the Fourier components have been determined by calculating the 8f/10f ratio for 25 individual rotating field pulses and determining the standard deviation. Figure 2 shows that the ratio of the 8f and 10f Fourier components depends on both the salt concentration and magnetic field strength. An increased magnetic field generates higher attractive forces and thus a smaller interparticle distance. Likewise, an increased salt concentration corresponds to the repulsion decaying over shorter distances, causing a smaller distance between the particles. In both cases, the general trend in the measurements is an increasing 8f/10f ratio. In order to study this in more detail, scattering simulations have been performed to verify the dependence of the Fourier components on the interparticle distance. In addition, a model has been developed to estimate the distance between particles in a dimer for a given salt concentration and magnetic field strength.
Scattering Simulations. Two-particle Mie scattering simulations have been performed, using the MSTM v. 3.0 code written by D. W. Mackowski. 13 The particles are represented in the simulations by perfect spheres with a distance L between their centers. The values for the parameters are identical to those in a previous theoretical paper. 12 Specifically, the diameter of the particles is 1050 nm, the refractive index of the particles is n = 1.68 + 0.005i, and the refractive index of the solution is 1.331. In the following, only scattering angles of 90°are considered, as these correspond to the measured PD signals at 90°.
These simulations have been performed for a range of rotation angles with a resolution of 0.3°and for interparticle distances from 0 to 250 nm with steps of 1 nm. Results for three values of the distance have been plotted in Figure S2a . By applying a Fourier transform of the simulated time traces (plotted in Figure S2b ), the simulated 8f/10f ratio can be calculated as a function of distance, as plotted in Figure 3 .
The ratio of the 8f and 10f Fourier components in the simulations increases for intersphere distances between 0 and 80 nm and between 180 and 250 nm. Between 80 and 180 nm intersphere distance, the ratio is decreasing. As Figure 2b shows, the ratio increased with a stronger magnetic field, at a constant salt concentration of 500 μM, i.e., with decreasing Apart from simulations on dimers of MyOne particles, also simulations on trimers and dimers of 100 nm diameter particles have been performed. These are plotted in Figure S2c −f. In general, bigger interparticle distances result in higher frequency components being present. This enables using a ratio of two Fourier components to determine the distance. While the 8f/ 10f ratio works quite well for dimers of MyOne particles, for differently sized particles, a different ratio will work better. For instance, for those 100 nm particles the 4f/2f ratio increases with distance between 75 and 225 nm. The trimer simulations, especially at larger interparticle distances, do not resemble our experimental results, while the dimer simulations do. As such, it can be concluded that the presented measurements are dominated by the dimer scattering.
Interparticle Distance Model. The distance between two particles in a dimer, h, can then be defined as the distance between the particle centers, L, minus the radii of both particles, where the radius is defined as the radius of a sphere of identical volume. For a dimer consisting of two magnetic particles with a net surface charge, the interparticle distance results from a balance between the electrostatic repulsion and attractive magnetic dipole−dipole interaction. Here we will model these interactions and calculate the equilibrium interparticle distance, h E . In addition, we will discuss the role of particle roughness and the influence of viscous drag on the interparticle distance in a rotating dimer. Comparing these distances to those obtained by matching the experiments to the simulations will also allow information on the roughness of the particles to be extracted, as explained in Figure 4 .
Particle Properties. Before discussing the interactions, we will first review a few important properties of the carboxylic magnetic particles. We measured the zeta potential of the particles in the solutions that are used in the scattering experiments. For all salt concentrations, except the highest, the zeta potential was close to −60 mV; for the highest salt concentration (100 mM), the zeta potential was ψ = −37 ± 1 mV (see Table S1 ).
SEM images (see Figure 1a and Figure S1 ) show that the MyOne particles are rough spherical particles with protrusions that have a size up to 100 nm. 14 The average diameter of the MyOne particles is 1.05 μm with a coefficient of variation (CV) of 1.9%, according to Fonnum et al. 15 The manufacturer's specifications report the same diameter, but a slightly higher CV (3%).
The magnetic properties of the MyOne particles have been described by Lipfert et al., 16 who fitted the vendor supplied magnetization curve of an ensemble of particles with the Langevin function. In this study we convert the magnetization to a dipole moment m(B) using the particle radius: 
with the fit parameters m sat = 2.62 × 10 −15 A m 2 and B 0 = 12 mT based on Lipfert et al. 16 Electrostatic Interaction. The electrostatic interaction between particles is determined by the charge on the particles (related to the zeta potential) and the Debye screening length, κ 
with ϵ r the dielectric constant of water, ϵ 0 the permittivity of free space, k B the Boltzmann constant, T the absolute temperature, N A the Avogadro number, e the elementary charge, and I the ionic strength of the solution. In the case of monovalent electrolytes, such as sodium chloride, the ionic strength is identical to the molar concentration of the electrolyte. Typical values for the Debye length range from 1.0 nm at 100 mM ionic strength to 56 nm at 30 μM. An approximation for the interaction free energy valid for all κh, large κR, and up to moderately high surface potentials (ψ ≲ 4kT/(ze)) is given by
with z the electrolyte valence, in this case z = 1, and 
Magnetic Dipole−Dipole Interaction. The MyOne particles are magnetized by the rotating field of the electromagnet and each particle obtains a magnetic moment described by eq 1. The attractive dipole−dipole force between the particles induces the formation of clusters. The corresponding free energy for a rotating dimer is
with α lag the phase lag between the applied field and the central axis of the dimer. This phase lag can be derived from balancing the magnetic torque and the torque from the hydrodynamic drag, which will be discussed later. For now, we can neglect the effects of the phase lag on the interaction, setting it to zero, an approximation that is accurate in the case of sufficiently high magnetic fields.
With the electrostatic free energy and the magnetic dipole− dipole free energy derived, the interparticle distance h E can be determined by finding the minimum of the free energy. The dependence of the free energy on the distance also gives the spread in distance due to thermal motion by considering the distances at an energy of 1 k B T over the minimum of the distribution. However, it will turn out that the thermal distance spread is much smaller than the distance variability due to particle properties.
Particle Surface Roughness. Here we analyze the influence of particle surface roughness on the distance between two particles. First, the protrusions caused by surface roughness limit the minimal distance between the particles, as the particles cannot physically overlap. Also, the electrostatic interaction is affected, as it is strong between protrusions due to the closer proximity. In contrast, the magnetic dipole−dipole force is not directly affected by surface roughness because it is volumebased rather than surface-based.
Here, we model the influence of particle surface roughness by an effective increase in the center-to-center distance of the dimer. This corresponds to the parameter ΔL introduced in Figure 4 . If roughness is dominant, it should be positive, with its value being a measure for the roughness of the particles. On the other hand if negative values are found, an attractive interaction between the particles would be dominant.
Viscous Drag. The rotating particle pairs experience a viscous drag caused by the interaction with the fluid. As a consequence, the axis through the centers of the particles lags behind the field. For particles rigidly bound to each other, the torque from the hydrodynamic drag can be determined by adding the contributions from the particles' translation and rotation. 19 This results in a phase lag: 
with η the dynamic viscosity of the liquid, which for water at room temperature is 1.0 mPa s, and ω the angular velocity, ω = 10π rad s −1 . In the experiment of Figure 1 , the particles are trapped in an electrostatic−magnetic interparticle potential and are not rigidly bound to each other. So another possible hydrodynamic configuration could be that the particles move around each other and individually do not rotate. In this case the viscous drag corresponds to only the Stokes drag, which results in a phase lag:
This equation applies when two particles are far apart and do not experience any hydrodynamic coupling. However, in our experiment the particles are close together in a dimer, so there will be hydrodynamic coupling between the particles and hence the phase lag is expected to be between the limits of eqs 6 and 7.
Both limits for the viscous drag have been explored and are used to calculate the interparticle distance. This distance has been calculated by solving the distance at which the sum of the attractive and repulsive free energies is minimal. The interparticle distance is plotted in Figure 5a as a function of the magnetic field strength for different salt concentrations. As it turns out, if the magnetic field is strong enough (in this case above 6 mT), both hydrodynamic limits lead to the same interparticle distance.
For low magnetic fields, it is known that dimers can exhibit a wiggling motion 19 with distance oscillations. 20 Meanwhile, the 
Article dimers with the highest magnetic content might still be able to rotate normally. As a combination of different behaviors is difficult to model, this regime is avoided and only magnetic fields of 3.6 mT and above are used in the experiments. Experimental Fourier Ratio versus Modeled Distance. Using the distance model, the magnetic field strengths and ionic concentrations from the experiments have been converted into distances. Figure 5b shows all measured 8f/10f Fourier ratio values as a function of the modeled distance between the particles. The 8f/10f ratio changes by more than an order of magnitude, and interestingly the data points for all salt concentrations lie on one curve (the dashed line serves as a guide to the eye). The measured 8f/10f ratio shows a similar behavior to the simulated ratio in Figure 3 . In both cases the ratio increases to a maximum, at h E ≈ 25 nm and L − 2R ≈ 80 nm, and then decreases to a minimum, at h E ≈ 100 nm and L − 2R ≈ 185 nm, after which the ratio increases again. Comparing the distances at which the minimum ratio occurs, ΔL should be about 85 nm. The experimental position of the maximum ratio occurs for h E < ΔL, so it will be affected by the protrusions on the particles, so for a determination of ΔL the maximum is not meaningful.
The minimum in the measured 8f/10f ratio is less sharp than in the simulations (around 185 nm); this is caused by the 8f component not going to zero in the experiments. This can be attributed to the spread in particle properties such as the surface charge and magnetic content (also related to the size distribution). Also, due to the low interaction energy at these larger distances, angular spread due to Brownian motion and a small amount of dimer breaking and re-formation could play a role in generating a nonzero 8f component at large interparticle distances. The size distribution of the particles itself has barely any effect; as for the 3% polydispersity the shape of the signal, and thus the ratio of Fourier components, is almost identical to that for perfectly monodisperse particles. 12 Determining the Distance Using More Fourier Components. Figures 3 and 5b show that a 8f to 10f Fourier component ratio does not uniquely relate to one distance. One way to avoid this ambiguity is to include more Fourier components. In order to determine the distance we therefore investigated the following minimized sum of the squared residuals:
where A is an amplitude factor, and L fit is the fitted center− center distance, and both for the measured, (nf) meas , and simulated Fourier amplitudes, (nf) sim , the 6f, 8f, 10f, 12f, 14f, and 16f Fourier components have been summed; i.e., the sum is over n with n even and from 6 until 16. These fitted distances are compared to the modeled distances in Figure 6 . As can be seen there is a strong correlation between the fitted distances and the modeled distances. The dashed line corresponds to the points where the fitted distance equals the modeled distance. On that line, no measured points are observed. This indicates that an additional distance is present, as indicated by the dash-dotted line with ΔL = 83 nm. Now we analyze possible origins of this value of ΔL. First, the average size of the particles might be different from that specified by the manufacturer, for example, because of batch-tobatch variations. In order to verify this, simulations have been done of the scattering of particles of different radius (see Figure  S3 ). These simulations indicate the scattering is not strongly dependent on L. Even more so, near the distance where the 8f/ 10f ratio is minimal, the 8f/10f ratio does not change for particles 50 nm larger than those specified. So the only way to get a ΔL of 80 nm in this case would be if the particles are actually 80 nm larger for identical h E . A discrepancy of this order of magnitude is highly unlikely. A second explanation could be the inaccuracy in the measured zeta potential. An increase in zeta potential of 10% causes an increase in the electrostatic energy of 8%. For the lowest salt concentration (λ D = 56 nm) this would cause a 4 nm increase in the distance between the particles, which is very small. Third, the magnetic content might be different, for example, due to batch-to-batch variation. If the magnetic content would be lower by 10%, the magnetic energy would be lower by almost twice that amount because the energy scales with the square of the magnetization. This would, at the lowest salt concentration with λ D = 56 nm, cause an increase in distance of 12 nm, which is again a very small distance.
Therefore, we attribute the 83 nm distance offset mainly to the presence of particle surface roughness. The value of ΔL = 83 nm provides good agreement for most of the data points, so the used approximations are quite accurate. In principle, ΔL might depend on the interparticle distance. For the regime where the data points agree, L fit − 2R > ΔL, the standard deviation of the difference between h E and L fit − 2R is 12 nm, making this a measure for the distance accuracy of this method. This small value of the standard deviation is remarkable, in view of the significant amount of roughness on the particles. Probably the ensemble averaging inherent to the averaging of the pulses in a pulse train, and the presence of multiple dimers in the laser volume leads to very reproducible values for the distance.
The only regime where the data points deviate from ΔL = 83 nm is the regime where L fit − 2R < ΔL, i.e., the regime where the protrusions might be so close that actually permanently Figure 6 . Fitted center-to-center distance based on the 6f, 8f, 10f, 12f, 14f, and 16f Fourier components plotted versus the modeled separation distance h E . The bottom dashed line corresponds to perfectly spherical particles with L fit − 2R = h E : this line does not match the data. The top dash-dotted line corresponds to particles with a center-to-center distance that is offset by ΔL = 83 nm. We attribute this offset to protrusions on the particles, related to surface roughness (see Figure 4b) . The data plotted with open circles correspond to experiments at high salt concentrations where a high magnetic field is or has been applied, presumably generating particle pairs with physical contact between the protrusions.
Article bound dimers can be formed. The corresponding data points are shown as open circles. What is especially interesting are the points around h E = 50 nm. These correspond to experiments where the same solution was exposed to three sets of 25 pulses, with the field strength first low, then high, and then low again. Initially a high value (>1150 nm) for L fit is observed. When applying the higher field, the particles get bound and have a L fit ≈ 1100 nm. While applying the original field again, L fit remains small instead of returning to the initial value, indicating that an irreversible binding has occurred. As such, the modeled distance in these cases is no longer applicable, as other forces such as the Hamaker force are responsible for keeping the particles together. Nevertheless, it is very interesting that this technique is able to distinguish between different kinds of dimers: the solvent and used magnetic fields are identical; still clearly different signals are observed before and after the irreversible binding.
